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ABSTRACT 

Due to their high intensity of emission in the O VI 1031.9 and 1037. 6A hnes, even small sunspots 
on the solar disk can strongly influence the intensity of the radiative scattering component of O VI 
lines in the corona. Observations of O VI disk spectra show a 1032/1038 line intensity ratio of >2.6 
in a sunspot compared to quiet disk values of ~2. The enhancement of the 1032 line in comparison 
to the 1038 is likely due to interaction between molecular hydrogen emission from the sunspot and 
the chromospheric O^^. Modeling shows that a contribution from sunspots increases the coronal 
O VI 1032/1038 intensity ratio to values considerably higher than those achieved with a quiet disk 
or coronal hole spectrum. Therefore a re-examination of flow velocities derived from UVCS/SOHO 
streamer observations must be made. This modeling demonstrates that the inclusion of sunspots, 
when present, may lead to non-zero outflow velocities at lower heights in streamer cores in contrast 
to some existing model results. 

Subject headings: Sun: UV radiation: Sim: sunspots: Sun: corona 



1. INTRODUCTION 

The radiative component of a coronal ultraviolet (UV) 
emission line is formed by photo-excitation of coronal 
ions by light from the Sun's disk and chromosphere. UV 
light from the disk and chromosphere consists of many 
high intensity emission lines and the coronal ions res- 
onate with these so that the brightness of the radia- 
tive component of UV coronal lines is dependent on the 
disk and chromospheric emissio n (Gabriel c t^aPHQTlal: 
iGabriellllQTlbUBeckers fc Ch ipman 1 9741 . The intensity 
of the radiative component of coronal UV lines is also 
sensitive to the velocity of the emitting ions relative to 
the Sun. UV coronal observations can therefore be used 
to place c onstraints on ion ou t flow velocities and te m- 
peratures lIHvder fc LitesllT97(iHWithbroe et aUlTosl . 

Using Doppler dimming and pumping diagnostics, the 
intensity ratio of the O VI doublet lines at 1031.96 and 
1037.60A (hereafter referred to as the 1032 and 1038 
lines) can be used as evidenc e of bulk outflow veloc- 
ity of 0^+ ions from the Sun (Kohl & Withbro(J'1982^ 
IWithbroe et"an [198 2: Noci ct al. 1987; Li et al. 1998). 
The Ultraviolet Coronagraph Spectrometer (UVCS) in- 
strument aboard the Solar and Heliospheric Observatory 
(SOHO) is optimi zed for observatio ns of the O VI 1032 
and 1038 doublet ijKohl et al.lll995|) . Sophisticated em- 
pirical modeling of specific UVCS O VI observations have 
been used to constrain 0^+ outflow velocity and temper- 
ature parallel to the solar radial direction Kohl et aLl 
IT997t IStTachan et al.ll200l iFrazin et al.ll2003l fo7 exam- 
pie). 

Empirical models must employ a choice of solar disk 
incident radiation in order to calculate the radiative com- 
ponent of the coronal lines. The general approach is to 
use a disk spectrum with a 1032/1038 line intensity ratio 
of around 2. This value is expected from a coUisional 
plasma and agrees with me asurements of the quiet Sun 
as described for example bv lNoci et a D (IT981 . This let- 
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ter shows that if sunspots are present on the disk, their 
contribution to the disk radiation need to be included in 
empirical models. This is achieved through simple argu- 
ments in section |21 based on observations of O VI emis- 
sion from a sunspot. Section |31 examines the effect of a 
sunspot contribution on the coronal O VI intensity ratio 
as a function of outflow velocity using two simple coro- 
nal models - an isothermal spherically symmetric coro- 
nal hole and an axisymmetric streamer. Conclusions are 
given in section ^ along with an outlook for necessary 
future work. 

2. O VI DISK SPECTRA FROM SUNSPOTS 

A detailed study of UV disk spectra observed by 
the Solar Ultraviolet Measurement of Emitted Radia- 
tion (SUME R) instrument aboard SOHO is given by 
iCurdt et alJ l(200lf) . Of particular importance to the 
semi-empirical modeling of coronal UVCS observations 
is the disk spectrum in the proximity of the O VI dou- 
blet. Figure^shows the 1032 and 1038 disk spectra mea- 
sured from quiet Sun, coronal hole and sun spot regions 
from data given by the SUMER solar atlas of lCurdt et alJ 
l)2001tl . Contained in the wavelength range are the two 
C II lines at 1037.0 and 1036. 3A. These are the lines 
responsible for the Doppler pumping of the coronal O 
VI 1038 line jkohl & Withbroc 1982; Noci ct al. 198'^ 
iLi et alJll998D . Tabled contains the peak intensities and 
linewidths obtained by fitting a background and a Gaus- 
sian to each line for all three spectra shown in figure 
n For this table, instrumental broadening is removed 
from the linewidths using standard SUMER software 
contained in the Solar Software package. This software 
employs the SUM E R instrumental widt hs determined by 
iChae et all l|1998|) . ICurdt et all l)200lD gives a 1 cr un- 
certainty in the radiometric calibration of SUMER as 
±20% for the quiet Sun and coronal hole measurements 
and ±30% for the sunspot measurements. The increase 
in uncertainty is due to the sunspot observation being 
made during 1999 March 18, after the loss and recovery 
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doublet measure d from quiet Sun, co ronal hole and sunspot regions 
by SUMER, see lCurdt et alj 12001]) . Instrumental broadening of 
the lines is not compensated for here. 



Static 0^+ ions should give a O VI 1032/1038 line 
intensity ratio close to 4 in the corona, given a col- 
lisional exciting disk radiation O VI intensity ra- 
tio of 2 (Kohl & Withbroc 198|). An increase of 
the O VI disk intensity ratio leads to an increase 
in the intensity ratio measured in the corona at 
lower outflow velocities. The enhancement of the 
1032 line relative to the 1038 line, giving a line 
intensity ratio significantly larger than 2, is likely 
due to radiative excitation of chromospheric O^"*" 
ions by a molecular hydrogen (H2) line emitted 
from the cool sunspot. The 1-1 band of the II2 
Q3 transition is blended with the O VI 1032 line 
fBartoc et al. 1979). Analysis of the H2 lines ob- 
served by SUME R in the 1 999 M arch 18 sunspot 
is made bv Schiiehle et alJ l|1999D but no detailed 
analysis of the interaction between the emissions of 
H2 and chromospheric O^"*" is made. 



Table 1 

Reduction of the spectra shown in figure ^ ^ is the 

PEAK INTENSITY IN 10^^ PHOTON S""*^ CM"^ SR A~"^ AND 
THE 1/e HALFWIDTHS AND Are/ ARE IN A. COLUMNS 

labeled qs, ch and ss refer to the quiet sun, 
coronal hole and sunspot lines respectively. 
Conservative estimates of the uncertainty in 
intensities are 20% for the quiet sun and coronal 
hole, and 30% for the sunspot. 
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of SOHO's attitude control. These are very conservative 
estimates of the calibration uncertainties. 

A more reasonable estimate is ±15% based on 
comparisons of SUMER and Solar-Stellar Irradi- 
ance Compariso n Exp eriment (SOLSTICE) observations 
((Wilhclm et all I1999|) . Additional uncertainty in the 
sunspot O VI intensities arise due to the count rate 
exceeding the instr umental capabilities, as discussed by 
iCurdt et all l|200H) . This saturation leads to a 17% un- 
derestimation in intensity for the O VI lines. Uncertain- 
ties in radiometric calibration do not propagate fully to 
the calculated uncertainties of line intensity ratios. A 
10% uncertainty in the O VI 1032/1038 intensity ratio 
may be a reasonable estimate (N. Labrosse, 2005, pri- 
vate communication). This is likely to be a minimum 
uncertainty for the O VI intensity ratios measured in the 
sunspot observation due to the saturation. 

Three points of relevance to coronal resonance scatter- 
ing emerge from the analysis of disk spectra: 

1. The O VI 1032/1038 line intensity ratio in quiet 
Sun and coronal hole regions is close to 2, as ex- 
pected from theoretical consideration in a coUi- 
sional plasma. From table ^ the same ratio in 
sunspots is 2.6 for the peak intensities, and 2.8 
for the line integrated intensities. In simple terms, 



2. The O VI lines observed over sunspots are a fac- 
tor of ^60 more intense than those observed in the 
quiet Sun. Therefore even small sunspots can give 
a non-negligible contribution to the total disk ra- 
diation seen by coronal 0^+ ions at lower heights 
in the corona. A basic factor is the ratio of the 
solid angle subtended by a sunspot over the solid 
angle subtended by the rest of the solar disk, as 
seen from a point in the corona. Figure [3 plots 
this ratio as a function of sunspot size and height 
in the corona for the simple case when the posi- 
tion of the sunspot on the solar disk is directly on 
disk center as seen from the corona. Appreciable 
H2 em ission is restricted to sunspots l) Jordan et alJ 
Il978j) therefore enhanced O VI intensity ratio in 
the chromosphere, to values significantly above 2, 
is also restricted to areas that are illuminated by 
the sunspot, and is likely to be somewhat larger 
than the sunspot area. The area of the enhanced 
O VI intensity ratio is an important factor which 
will be considered in depth in a following study. 
Under the assumption that the area of enhanced 
O VI intensity ratio is restricted to the sunspot 
area, the ratios shown in figure El can be multiplied 
by the factor of 60 to give an approximate value 
to the weighting of sunspot to quiet Sun O VI in- 
tensity. Even large sunspots have little effect on 
the behavior of the coronal O VI intensity ratio at 
heights above ~3i?Q. Limb brightening is not in- 
cluded in the calculations and would decrease the 
sunspot weighting. Coronal holes would increase 
the sunspot weighting due to their lower O VI in- 
tensity. 

3. The C II lines from the quiet Sun and sunspot 
regions are very similar. At higher coronal out- 
flow velocities the O^^ ions lose resonance with 
the disk O VI lines and the 1038 coronal line res- 
onates with the C II disk lines while the 1032 line 
loses its radiative component. Since the C II lines 
from sunspots are largely unchanged from the quiet 
Sun lines, sunspots have little effect on the behav- 
ior of the coronal O VI intensity ratio at higher 
outflow velocities. The enhancement of O VI in- 
tensity in sunspots while the C II lines remain the 
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Fig. 2. — The percentage ratio of the solid angle subtended by a 
circular sunspot over the solid angle subtended by the rest of the 
solar disk as a function of height in the corona and sunspot radius, 
calculated for a sunspot centered on the disk center. 
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Fig. 3.— The behavior of the coronal O VI 1032/1038 intensity 
ratio as a function of outflow velocity with and without a sunspot 
contribution to the disk radiation. This is calculated here at a 
height of 1.8i?0 for two coronal models - a coronal hole (left) and 
a streamer (right). For both models, the intensity ratio has been 
calculated for two temperature anisotropics as shown in the legend. 



same is in agreement with observations made by 
the Har vard spectrometer on the Apollo Telescope 
Mount l|Foukal et alJll974|) . and can be understood 
in terms of the different formation temperatures of 
the ions. 

3. SIMPLE CORONAL MODELS 

The behavior of the coronal O VI 1032/1038 intensity 
ratio in the presence of sunspots is investigated here us- 
ing two simple models of the corona - a coronal hole and 
a streamer. For each model, a line of sight (LOS) with 
a plane of sky (POS) height of I.SRq is chosen and the 
O VI line profiles are calculated using the standard ra- 
diative a.nd co Uisional equations ijWithbroe et aljri982t 
iLi et all [199^ . In the model, the Sun is not approxi- 
mated as a point source of radiation. The electron tem- 
perature Te, of importance in calculating the coUisional 
excitation rates, is 1 MK at all heights for both models. 
The ion velocity distribution is Maxwellian in the cal- 
culations using isotropic temperature distributions, and 
biMaxwellian otherwise. Ion perpendicular temperature, 
Tl, is the temperature perpendicular to the solar radial 
direction. T± is 6 MK in the coronal hole and 2.7 MK 
in the streamer. These are values consistent with 0^+ 
effective temperatur es calculated f rom O VI linewidths 
measured by UVCS l|Morganll200,'iD . T± is kept constant 
along the LOS. The calculations have been made for two 
ion temperature anisotropics - an isotropic distribution 
(T|| = Tl) and an anisotropic distribution (Tn — T^). 
The O VI intensity ratio is calculated for outflow veloci- 
ties between and 300 km s~^, which are kept constant 
along the LOS for each calculation. 

The spherically symmetric coronal hole model has a 
radial electron density profile given by 

1 X 10^ 2.5 X 10''' 2.9 X 10^ 

= — ;:8 — + — ~i — + — — (i) 

where r is the heliocentric height in so lar radii and the re - 
sulting density is in electrons per cm^ ijPovle et alll999|) . 
The streamer electron density is given by 

3.60 X 10*^ 9.90 X 10^ 3.65 x 10^ 



ijGibson et al.lll999() . Therefore the POS electron den- 
sity is 10^ cm""^ for the coronal hole and 4.3 x 10^ cm^'^ 
for the streamer at 1.8i?Q. Ion density is calculated 
from the electron density u sing the ionization equilib- 
ri a oflMa zzotta et al.l lll998D and the oxygen abundances 
of iFeldman et alJ l|1998D . both tabulated in the Chianti 
atomic database. The coronal hole calculations are made 
along a LOS that extends to heights where the O VI 
emission becomes negligible compared to the emission at 
the POS. The streamer calculations are made along a 
curtailed LOS which extends O.25i?0 in each direction 
along the POS. These are simplistic representations of 
coronal hole and streamer geometries. 

The synthesized O VI lines are fitted to Gaussians and 
the 1032/1038 intensity ratio is calculated from the in- 
tegrated line intensities. The calculations are made for 
both a quiet Sun disk spectrum and a disk with a sunspot 
contribution. This contribution is modeled as a large 
sunspot of radius 20" centered at the point on the solar 
disk directly beneath the coronal LOS. 

Results are shown in figure |3| The streamer intensity 
ratio profiles as a function of outfiow velocity are less 
exaggerated in comparison to the coronal hole profiles, 
that is the streamer profiles vary less from the coUisional 
intensity ratio value of 2 due to the higher streamer elec- 
tron density. As expected, the intensity ratios calculated 
using isotropic temperature distributions show less sen- 
sitivity to the effects of Dopplcr dimming and pumping 
with outflow velocity. For low outflow velocity, all the 
profiles show a considerable increase in intensity ratio 
with the inclusion of a sunspot contribution in the disk 
spectrum. With an anisotropic temperature distribution, 
this increase is only seen for velocities below '-^lOO km 
s^^. The increase continues to higher outflow velocities 
with an isotropic temperature distribution. This is due 
to the low T|| of the anisotropic distributions losing reso- 
nance with the disk O VI lines at lower outflow velocities 
than the high T|| of the isotropic distributions. 

4. CONCLUSIONS AND PERSPECTIVES 

The analysis and semi-empirical modeling of observed 
O VI coronal lines leads to constraints on 0^+ ion pa- 
rameters. In general, there are large uncertainties in the 
flnal estimates of outflow velocity. This is mainly due 
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to the lack of an independent observational constraint 
on Til, so that the inferred outflow velocity is a func- 
tion of T|| . Large uncertainties also arise from the dis- 
tribution of structures along the line of sight, the flow 
direction of the solar wind, and the basic uncertainty in 
measurement, particularly in low intensity coronal holes. 
At lower coronal outflow velocities, this letter shows that 
the presence of sunspots on the Sun's disk can lead to a 
considerable increase in the coronal O VI intensity ratio 
and should not be neglected in the interpretation of coro- 
nal O VI observations. Until more is understood about 
the nature of O VI and H2 emission above sunspots, this 
is an additional uncertainty in the determination of O^"^ 
ion parameters. Empirical models of O VI observations 
which neglect sunspots on the disk give an underestima- 
tion of the outflow velocity of coronal 0^+ ions. This 
underestimation will be worse at lower outflow veloci- 
ties and will become negligible only at outflow velocities 
above ~100 km s~^, depending on the ion T||. 

Several observations of a solar minimum west equato- 
rial streaine^werejnad by UVCS during 1997 April 22- 
27 (jHabbal et al.lll997j) . iStrachan et'al] l|2002|) modeled 
these observations and found insignificant 0^+ outflow 
velocity at heights below ^ 3.5Rq along the streamer 
stalk, with an abrupt rise to non-zero outflow velocity 
above these heights. This was interpreted as evidence 
of the trapping of coronal plasma by closed magnetic 
fields in the streamer core. From Michclson Doppler Im- 
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ager (MDI)/SOIIO images, it appears that sunspots were 
present on the west limb during 1997 April 22. The inclu- 
sion of sunspots in the streamer line emission model may 
lead to non-zero outflow velocity in the streamer core. 
A re-examination of these observations will be made in 
future work. 

The study presented in this letter is based exclu- 
sively on the observations of one sunspot by SUMER 
on M arch 18, 1999, asso ciated with active region NOAA 
8487 (iCurdt et al.l l200li. It would be very desirable to 
conduct a more detailed study of O VI and C II emission 
from this and other sunspots, and from active regions 
in general. This would be essential in interpreting coro- 
nal O VI observations correctly. The interaction between 
molecular hydrogen and chromospheric O^^ needs to be 
understood and is an interesting subject in itself. A sim- 
ple model is currently being developed and explored with 
the aim of interpreting the observed O VI 1032 and II2 
blended lines above sunspots. 
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